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Abstract
This study investigates the utilization of different compositions of Fe2O3 and polyvinyl alcohol (PVA) to modify chitosan in order to prepare a composite membrane. The membranes were synthesized using the phase inversion method
and extensively characterized by Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
mechanical properties analysis, and water uptake analysis, whereby SEM was used to confirm the morphology of the
composite membranes. Diﬀerent electrochemical properties such as ion exchange capacity, proton conductivity, and
methanol permeability of these membranes were also measured. The results showed that increasing the PVA mass improved the water uptake, ion exchange capacity (IEC), and proton conductivity because the PVA addition increased the
hydrophilicity of the membrane; thus, the pore surface on the membrane was more open, which also caused higher
membrane permeability. However, the methanol permeability values of all composite membranes were lower than that
of Nafion. The highest IEC and proton conductivity were obtained for the CS-PVA-H3070 membrane, with values of
4.300 meq/g and 6.71 × 10−2 S·cm−1, respectively. The mechanical strength of these membranes showed that the PVA
addition increased the elongation break and decreased the tensile strength of the membrane. The results imply that the
chitosan membrane modified with PVA and Fe¬2O3 has a potential for DMFC applications.
Keywords: chitosan, DMFC, Fe2O3, membrane, PVA

include high proton conductivity, good mechanical
resistance, good thermal resistance, and good and
inexpensive reactant insulation [3].

Introduction
Increasing the rate of population growth over time causes
a continuous increase in energy needs. A population
growth rate that is not balanced with sufficient energy
availability will result in energy crisis in the future. Fuel
cells have become one of the alternative energy sources
to overcome the energy crisis because of their high
energy efficiency and environmental friendliness [1].

A commonly used proton exchange membrane is
Nafion, which is a perfluoro sulfonic acid polymer. The
use of Nafion is based on its good thermal and chemical
stability [4] and high ionic conductivity (~10−2 S.cm−1) at
temperatures below 100 °C [2]. However, the membrane
has several disadvantages, such as high cost; high
methanol crossover, which makes it incompatible for
application in a methanol fuel cell; and environmental
unfriendliness, as wastes are generated in its synthesis
process [5]. One solution to overcome this problem is to
develop new materials for proton delivery membranes
as an alternative to Nafion [6].

Fuel cells are electrochemical cells that can convert
chemical energy into electrical energy through electrochemical reactions. Fuel cells with polymer membranes
as electrolytes (PEMFC) have bright prospects to be
developed in Indonesia. These types of fuel cells
include hydrogen fuel cell/polymer electrolyte fuel cell
and direct methanol fuel cell (DMFC) [2]. Some of the
requirements that must be met by electrolyte materials
related to their application as PEMFC membranes

Natural polymers such as chitosan (CS) can be
developed as an alternative, considering that CS is a
1
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polymer that is abundant in nature and has the
properties of biodegradability, biocompatibility, and
nontoxicity [7]. In addition, the two main functional
groups possessed by CS in the form of amine groups
and hydroxyl groups make it easy to modify and
provide high hydrophilicity and good resistance to
chemicals, mechanical stress, and thermal stress [8].
Chitosan in normal conditions has a low ionic
conductivity because it does not have ions that can be
immobilized under the influence of an electric field to
produce proton conductors [9]. Meanwhile, it has been
found that CS dissolved in acetic acid can be a
polyelectrolyte through protonation by NH2 groups. The
H+, H3O+, or CH3COO- ion in the CS layer will be
dispersed in the CS solvent, and these ions can be
immobilized under the influence of the electric field. If
the H+ or H3O+ ions are more mobile than CH3COO-,
the CS layer will be a proton conductor [10]. Studies of
CS membranes with high molecular weight and certain
degrees of deacetylation show proton conductivity
values around 10 S·cm−1. These values are still low
compared with Nafion proton conductivity, which is in
the range of 10−1 S·cm−1. The conductivity of CS
membranes is still relatively low for practical purposes,
although it shows good methanol barrier properties [11].
Because of this, CS polymer is usually modified either
with organic or inorganic salts. It is also usually
combined with other substances to generate ion
exchange sites. As a result, this action significantly
enhances the ionic conductivity of the mixed matrix
membranes and also increases the mechanical,
hydrolytic, and thermal stabilities [12].
Many researchers have reported polyvinyl alcohol
(PVA) to be a potential blend polymer of CS for the
amelioration of the mechanical, chemical, and electrochemical properties of CS ion exchange membranes
[13], [14]. To increase the conductivity and mechanical
properties of composite membranes, PVA has been
mixed with CS to form a strong hydrogen bond between
the hydroxyl groups of PVA and the amino and
hydroxyl groups of CS [15]. Polyvinyl alcohol is widely
used as a mixture because of its low cost, chemical
stability, and good mechanical properties [16]. Several
modifications of CS/PVA composite membrane have
been reported, such as those involving the incorporation
of phosphoric acid group [17], calcium oxide [18],
graphene oxide [19], montmorillonite [20], graphene
[16], and anionic resins (anionic ionomers) [21].
In addition to the modification of CS with PVA,
hematite material has recently been developed as a
candidate electrolyte for fuel cells due to its considerable
ion conductivity [22]. To the best of our knowledge,
hematite has been used in a polyelectrolyte membrane
as a source of an active anode material, as reported by
Hikmah and co-worker [23]. El Sayed and co-worker
Makara J. Sci.

[24] reported using hematite as an electrolyte material in
the synthesis of CS with polyvinylpyrrolidone for
medical and technological applications. The authors
synthesized a composite membrane using different
polymers, methods, and applications. Based on their
description, in the present work, CS, PVA, and hematite
composite membranes are synthesized and characterized
as proton delivery membranes.

Methods
Materials. Chitosan with a deacetylation degree of 81%
was obtained from a previous research team by Ahmad
[25]. Iron sand was obtained from sub-district Tapung
Gaeya, Konawe Utara. Analytical grade reagents used
in this study were PVA, acetic acid, sodium hydroxide,
sulfuric acid, chloride acid, ethanol, and methanol, and
they were purchased from Emsure Merck, Jakarta. Deionized water was used in all experiments.
Separation of iron sand. The process of separating iron
oxide in the sample was carried out using a magnet. The
permanent magnet stem with strength of about 38.9
kJ/m3, which has been coated with plastic paper with a
thickness of 0.1 mm. Magnets were placed around all
parts of the sand, at a distance of about 1.5 cm from the
sand, until all the iron sand was lifted. The iron sand
was placed in another container. The separation was
carried out repeatedly against the raised iron sand by
making a magnetic distance with a further sample until
the iron sand was black.
Leaching process. The leaching process was carried out
by heating 200 mL of 20% HCl at 100 °C. Subsequently, 2.5 g of iron sand was added to the solution and then
heated for 3 h. The solution was filtered using filter paper no. 40, and it was left at room temperature [26].
Leachate of iron sand was obtained with yellow colors.
Here FeCl2 is assumed to be the source of Fe2O3.
Synthesis of CS-PVA-Fe2O3 membrane. Composite
membranes were synthesized by the phase inversion
method. A CS solution was made by dissolving CS in a
2% (v/v) acetic acid solution, and a PVA solution was
made by dissolving PVA in distilled water. Subsequently, both CS and PVA solutions were mixed using a
magnetic stirrer until homogeneity was achieved. The
CS-PVA solutions were cast into a petri dish and dried
at room temperature for 72 h. The compositions of CS
and PVA in each sample are presented in Table 1. The
composite membranes were dried at room temperature
until they were peeled off. Subsequently, the composite
membranes were soaked in 20 mL leachate of iron sand
for 24 h, and then they were soaked in 2% NaOH solution. The composite membranes were annealed at 60 °C,
and hematite was formed in situ in the CS-PVA membranes. The formed hematite in the membranes was
characterized by X-ray diffraction (XRD).
March 2020  Vol. 24  No. 1
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Table 1. Composition of Variations in Membrane Mass of CS-PVA-Fe2O3
CS:PVA

CS mass

PVA mass

Volume of FeCl2

Mass, % (w/w)

(g)

(g)

(mL)

CS-PVA-H9010

90:10

2.25

0.25

20

CS-PVA-H8020

80:20

2.00

0.50

20

CS-PVA-H7030

70:30

1.75

0.75

20

CS-PVA-H6040

60:40

1.50

1.00

20

CS-PVA-H5050

50:50

1.25

1.25

20

CS-PVA-H4060

40:60

1.00

1.50

20

CS-PVA-H3070

30:70

0.75

1.75

20

CS-PVA-H2080

20:80

0.50

2.00

20

Membrane

Characterization of CS-PVA-Fe2O3 membranes. The
CS-PVA-Fe2O3 membranes were characterized using
XRD, Fourier-transform infrared (FTIR) spectroscopy,
and scanning electron microscopy (SEM). Water
uptake, mechanical properties, ion exchange capacity
(IEC), methanol permeability, and proton conductivity
were also measured. The membrane was used to analyze
the incorporation of hematite into membrane using CuKα radiation axis, with a wavelength of 1.54 Ǻ in a 2θ
range between 10° and 100°. Fourier-transform infrared
spectroscopy was used to analyze the functional groups
in the composite membranes. All FTIR spectra were
measured over a wave number range of 4000–500 cm−1
in the transmittance mode. Scanning electron microscopy
(Jeol JSM-6360) was used to confirm the morphology
of all composite membranes. Water uptake analysis was
used to determine the amount of water absorbed by the
membrane. Tensile testing was carried out by subjecting
material samples of a certain size to a pull force until
breaking point. The data were obtained in the form of
stress and strain curves. The IEC was analyzed by
titrating the soaked membranes using 0.01 M HCl with
a phenolphthalein indicator. Methanol permeability was
measured via a two-compartment glass diffusion cell.
The concentrations of alcohol diffused from cells A and
B across the membranes were examined with time using
a density meter. Proton conductivity was measured
using two-point-probe conductivity cells with two
platinum wire electrodes as the working electrode. The
electrical resistance data were obtained using an
impedance analyzer (Agilent E4980A) and were
recorded between 20 Hz and 2 MHz at a working
voltage amplitude of 1 V.

Results and Discussion
FTIR Analysis. Figure 1 shows the structural changes
of CS-PVA-Fe2O3 in all variations. Based on the FTIR
spectra, the absorption peaks at 850–1463 cm−1 showed
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similarities. As a reference, Fig. 1(a) shows the peak of
CS-PVA without the addition of FeCl3. The difference
seen from the FTIR spectra is the presence of absorption
peaks at wave number 543 cm−1, which shows the
presence of Fe-O functional groups, and changes in
absorption peaks at wave numbers 1658 and 3450 cm−1,
which indicate the presence of electrostatic interactions
between the -NH2 groups from CS and the–OH group of
PVA. This is in accordance with the research of [27],
which shows that the spectrum at wave number 543
cm−1 is a characteristic of the Fe-O function group, and
[28] states that the addition of PVA in a CS solution
causes a long shift waves on the stretches of–OH and–
NH groups, which are thought to be caused by
electrostatic interactions.
XRD Analysis. Figure 2 shows the result of XRD testing of the obtained CS-PVA-Fe2O3 membrane. The
main XRD peak was formed at 2θ of 24.149°, 33.159°,
35.633°, 40.863°, 49.463°, 62.437°, 64.235°, and
79.156° The XRD pattern of the composite membrane is
similar to the standard hematite diffraction pattern of
reference JCPDS (Joint Committee on Powder Diffraction Standards) 96-501-5504. This means that hematite
was well attached to the membrane composite.
Mechanical Properties. Figure 3 shows the profile of
the mechanical properties of CS-PVA-Fe2O3 composite
membranes. It can be seen that the highest elongation
break was obtained for CS-PVA-H3070, with the elongation value of 52.2%, and the highest tensile strength
was obtained for CS-PVA-H4060, with the stress value
of 3.363 MPa. As more PVA was added to the membrane, the elongation break tended to increase. This is
due to the nature of PVA, which contains a lot of hydrophilic groups. Therefore, it has a high flexibility,
which results in the elastic and non-rigid membranes
[29].
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Figure 1. Fourier Transform Infrared Spectra of Membrane for (a) CS-PVA, (b) CS-PVA-H20:80,
H20:80, (c) CS
CS-PVA-H30:70, (d)
CS-PVA-H40:60, (e) CS-PVA-H50:50,
H50:50, (f) CS-PVA-H60:40,
CS
(g) CS-PVA-H70:30,
H70:30, (h) CS
CS-PVA-H80:20, and (i) CSPVA-H90:10

Figure 2. (a) The Obtained Membrane of CS-PVA-Fe
CS
Data2O3 and (b) Reference Pattern from the Crystallography Open Dat
base Entry, 96-501-5504

Figure 3. Mechanical Properties of CS-PVA-Fe2O3 Membranes
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Meanwhile, membranes with a composition of more CS
increased the stress because CS has high mechanical
properties. However, the CS-PVA
PVA membrane with mass
fraction 80:20 to 90:10 showed a lower stress value
compared to membranes with a variation of CS-PVA
CS
60:40. This is possible in the process of mixing PVA
with less homogeneous CS; thus, the interaction of
activee groups on PVA with active groups on CS is not
optimal. Therefore, it can be concluded that the
membrane with a high CS composition shows a low
tensile test result especially in the strain. Adding PVA
to CS produces a membrane that has better mechanical
properties [30].

5

and 4b, CS and CS-PVA-H90:10
H90:10 membranes displayed
a smooth and homogenous surface. More addition of
PVA to composite membranes (Fig
(Figures 4c to 4h) led to
an increase in the size of the pore in the membrane.
However, pores were clearly observed in CS
CS-PVAH50:50.
Water Uptake. Water uptake analysis was carried out
to determine the water absorption
bsorption ability of a polymer
matrix. The ability of an electrolyte membrane to absorb
water depends on its hydrophilic nature. Membranes
that have hydrophilic properties will have a higher water
absorption rate than hydrophobic polymers. The profile
of membrane
embrane water absorption is shown in Fig
Figure 5.

SEM Analysis. SEM analysis was used to confirm the
morphology of all membranes. As seen from Figures
Fig
4a

Figure 4. SEM images of the Surfaces of (a) CS, (b) CS-PVA-H90:10, (c) CS-PVA-H80:20, (d) CS
CS-PVA-H70:30, (e) CS-PVAH60:40, (f) CS-PVA-H50:50,
H50:50, (g) CS-PVA-H40:60, (h) CS-PVA-H30:70, and (i) CS-PVA
PVA-H20:80

Figure 5. Water Uptake of CS-PVA-Fe2O3 Composite Membrane (at Room Temperature
Temperature)

Makara J. Sci.
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Based on the water absorption profile in Figure 5, it can
be seen that the higher the CS mass fraction, the smaller
the water absorption rate. This occurs due to the
presence of a strong hydrogen bond between the amine
group (-NH2) and the hydroxyl group (-OH) in CS [31].
Conversely, the water absorption on the composite
membrane is improved with increasing mass fraction of
PVA. This is due to the hydroxyl group in PVA, which
can hold water molecules through hydrogen bonds.
Polyvinyl alcohol membrane is also hydrophilic and is
known to absorb water almost equal to its own weight.
Methanol Permeability. The slope of the straight line
in Figure 6 was used to obtain the values of methanol
permeability for all the membranes. It was found that
the methanol permeability (P) values of all composite
membranes were 0.12–5.84 × 10−7 cm2 s−1, respectively,
as listed in Table 2. As seen, the CS-PVA-H4060
membrane exhibited the highest methanol permeability;
however, it had a lower methanol permeability than
Nafion (10 × 10−6 cm2 s−1) [32]. The methanol

permeability was increased because of the increase in
the pores amount due to the hematite not being
dispersed well in the CS-PVA matrix. This result is
related to the SEM image in Fig. 3; the hematite
particulates cause the membrane to tend to be porous,
and thus, methanol travels through the pores.
Ion Exchange Capacity. IEC reveals the number of
groups randomly distributed in the polymer chain that
can exchange the protons in solution [33]. The IEC is
determined by the amine and hydroxyl groups that are
bound to the material. Composite membranes are made,
and the groups expected to support the activity of proton
exchange are amine and hydroxyl groups on the CS and
hydroxyl groups on PVA. Adding the hydroxyl group to
the polymer chain of CS can make the CS more polar.
This result is related to the water uptake properties of
the composite membranes. The IECs of CS-PVA-Fe2O3
composite membranes range between 0.687 and 4.300
meq.g−1.

Figure 6. The Methanol Concentration vs. Time Curve for the CS-PVA-Fe2O3 Composite Membranes
Table 2. Ion Exchange Capacities, Proton Conductivity and Methanol Permeability of CS-PVA-Fe2O3
Composite Membranes
Membrane

IEC (meq/g)

Proton Conductiviy (x10−2 S.cm−1)

P (x10−7 cm2 s−1)

CS-PVA-H 9010

0.791

0.62

1.08

CS-PVA-H 8020

0.741

0.63

2.46

CS-PVA-H 7030

0.687

1.32

0.12

CS-PVA-H 6040

1.145

1.47

4.85

CS-PVA-H 5050

1.360

2.44

1.09

CS-PVA-H 4060

1.475

3.91

5.84

CS-PVA-H 3070

4.300

6.71

4.54

CS-PVA-H 2080

2.600

3.21

4.95
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The results of the IEC of CS-PVA-Fe2O3 composite
membranes are presented in Table 2. It can be seen that
the highest IEC was obtained for CS-PVA-H3070, with
the IEC value of 4.300 meq.g−1, and the lowest IEC was
obtained for CS-PVA-H7030, with the IEC value of
0.687 meq.g−1. Generally, the IEC of CS-PVA-Fe2O3
composite membranes increased; this is because the
membrane becomes more hydrophilic due to the
addition of the PVA hydroxyl group. However, a highIEC membrane means the membrane can better pass
protons from the anode to the cathode [34].
Proton Conductivity. The analysis results of the proton
conductivity of CS-PVA-Fe2O3 composite membranes
are also presented in Table 2. The results show that the
proton conductivity of CS-PVA-Fe2O3 composite
membranes significantly increased within the range of
0.62 × 10−2 to 6.71 × 10−2 S·cm−1. The optimum proton
conductivity was obtained for CS-PVA-H3070, with a
proton conductivity of 6.71 × 10−2 S·cm−1. Generally,
increasing the PVA composition led to an increase in
the proton conductivity. This result is attributed to three
possible reasons: One is that increasing the PVA
composition resulted in the addition of acid properties
(from the membrane with PVA hydroxyl group) to the
membrane structure. The second reason is the increase
in the interaction between the amine group from CS and
the hydroxyl group from PVA to form a complex

7

polyelectrolyte. The third reason is the hematite material
contributed to increasing the proton conductivity of the
composite membrane. Xia et al. [35] reported that the
addition of hematite material contributes to increasing
the proton conductivity because hematite has a high ion
conductivity.
Figure 7 shows the proposed interaction in polyelectrolyte
CS-PVA-Fe2O3 composite membrane. In the polymer
chain, protons move by jumping through functional
groups or negatively charged atoms. In this case, PVA
acts as a proton conductor. In the Grotthus mechanism,
hopping protons move through the membrane as if
drawn by functional groups or negatively charged
atoms, so that the number of functional groups
contained in the polymer chain greatly determines the
number of protons that can be passed through the
membrane [36].
Proton conductivity in polyelectrolyte membranes must
have a high value. Thus, the optimal process of
transferring protons from the anode to the cathode could
be achieved. The value of proton conductivity was still
lower than that of Nafion 117 of 4.76 × 10−1 S·cm−1.
However, the conductivity value approached that of a
polyelectrolyte membrane; therefore, the CS-PVA-Fe2O3 composite has the potential to be a polyelectrolyte
membrane.

Figure 7. Proposed interaction in polyelectrolyte complexes of CS-PVA-Fe2O3
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Conclusion
The in situ preparation of CS-PVA-Fe2O3 composite for
a proton-conducting matrix membrane was successfully
realized. The favorable characteristics of the composite
membrane are not only in terms of high conductivity but
also in terms of other properties such as water uptake
(20% – 40%), mechanical properties, and morphology.
The results show that the methanol permeability values
of all the composite membranes were lower than that of
Nafion. The addition of PVA and Fe2O3 improves the
IEC and also the mechanical properties of composite
membranes. However, the proton conductivity of the
composite membrane was lower than that of Nafion, but
it approached the conductivity value required to
consider the composite as a polyelectrolyte membrane.
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